Abstract: The output tracking control problem for fuzzy time -delay systems in presence of parameter perturbations has been solved via fuzzy T-S system models and variablestructure control approach. Following the reaching condition, a variable-structure fuzzy control method is proposed accordingly, when the time delay is known and available and when unknown and unavailable. The method guarantees the system operation arrives to the sliding surface in finite time interval and be kept there thereafter while tracking the desired trajectory. The sufficient condition for globally bounded state is derived by using the ISS theory and the LMI method. A simulation example demonstrates the validity and effectiveness of the proposed method.
INTRODUCTION
The tasks of stabilization and tracking control are two typical control problems. In general, tracking problems are more difficult than stabilization problems, especially for nonlinear systems and in the presence of time -delays and time-varying parameters with uncertainties. Recently a lot of research has been devoted to the fusion of computationally intelligent and math-analytical methodologies also including sliding mode control (Kaynak and coauthors, 2001 ) to solve tracking control problems .
Takagi-Sugeno (T-S) type fuzzy controllers (Takagi and Sugeno, 1985) are known to have been successfully applied to the stabilization control design nonlinear systems (e.g., see Chen and coauthors, 1999; Jadbabai and co-authors, 1998; Tseng and co-authors, 2001; Wang and Lin, 1999) . In most of these applications, the T-S fuzzy model has been proved to be a good representation for a certain class of nonlinear dynamical systems (Slotine and Li, 1992) . In these studies, a nonlinear plant was represented by a set of linear models interpolated by membership functions (T-S) fuzzy model and then a model-based fuzzy controller was developed to stabilize the plant T-S fuzzy model.
Tracking control designs are important for many practical applications, e.g. in robotic tracking, missile tracking, and aircraft attitude tracking. Yet not too many studies based on the T -S fuzzy model, especially for continuous-time systems exist (Chen and co-authors, 1998; Tseng and co-authors, 2001; Wang and Lin, 1999) . Tseng and co-authors (2001) proposed fuzzy tracking control design for nonlinear dynamic systems via T -S fuzzy model. However, their method appeared to be conservative and not applicable to operate practically. Besides, it provides tracking control of nominal T -S fuzzy model only without time-delay and uncertainty has been considered and no robustness is guaranteed. This paper presents a new solution to the same output tracking control problem for fuzzy time-delay systems in the presence of parameter perturbations.
First, the sliding-mode control synthesis is adopted following variable structure control theory (Chou and Cheng, 2002; Feng and Chiang, 1995; Hung and coauthors, 1993; Utkin, 1978 Utkin, , 1992 Yoo and Chung, 1992) . Depending on the reaching condition, the sliding-mode variable -structure control is designed for cases when the time-delay is known and unavailable, respectively. The sufficient condition for globally bounded system state is derived by using input-to-state stability (ISS) theory (Sontag and Wang, 1995) and the LMI method (Boyd and coauthors, 1994) . Further, the paper is written as follows. Section 2 presents the formulation of a lass fuzzy time-delay systems. The new design synthesis and the main theoretical contributions are given in Section 3. In Section 4, these are applied to carry out tracking control design for CSTR benchmark process. Thereafter conclusion and references follow. The overall fuzzy system model can be created by fuzzy blending of each individual rule as follows:
where:
)) 
This assumption is due to Feng and Jiang (1995) and it is somewhat restrictive, but does not imply necessarily a monotonically increasing state vector.
In the sequel, the concept of ISS and the necessary and sufficient conditions for ISS shall be needed. These are briefly presented through the relevant lemma due to Sontag and Wang (1995) . Consider the general nonlinear system
nmn fRRR ×→ is a continuous map and satisfies (0,0)0 f = .
Lemma 1: System (7) 
is continuous, strictly increasing and satisfies
OUTPUT TRACKING CONTROL SYNTHESIS
In the case when plant time-delay τ is precisely known, the sliding mode can be selected for the system (3)-(6) by means o f sliding-mode control theory (Utkin, 1978 (Utkin, , 1992 yielding the sliding surface:
Upon defining the tracking error
Through a lengthy derivation, the following variable structure controller can be obtained: (10) where 12 , αα are two positive scalars. Substitution into plant system model (3)-(6) yields
Since matrixC has full row rank, a nonsingular matrix 1
T can be found such that 
Proof:
The proof is divided into two parts. In part (a) it is shown that output of system (3)- (6) 
Next, let the following matrix be defined In almost the same way, the case when time-delay τ is unavailable can be resolved. Note first that it is possible to derive the control law 
AN ILLUSTRATIVE EXAMPLE
The benchmark case of a continuously stirred tank reactor (CSTR) has been used to demonstrate the qualities of the proposed tracking control synthesis (Chen and co-authors , 1998) . P rocess dynamics is described by means of the following equations: 
11
The simulation results are presented in Figures I and II, respectively. Results in Fig. I depict the feasible control performance when the time delay is precisely known and available. Results in Figure II depict the feasible control performance when the time delay is not known and unavailable. Figures I and II demonstrate that the d esigned controls, based on Theorems 1 and 2, indeed do guarantee global boundedness of the state as well as good output tracking performance in the closed loop. Besides, it seems the chattering phenomenon is attenuated too. It should be noted, however, when the plant time delay is unknown and not available the closed-loop performance is accomplished at the cost of initially almost 10 times more control effort during a short period (less than 2 time units), when the lacking information is compensated for by the fuzzy controller. From the viewpoint of practical use this may cause some troubles, which is a weakness of this synthesis.
CONCLUSION
A new output tracking control synthesis for fuzzy time-delay systems in the presence of parameter perturbations is derived via combining T-S fuzzy model, sliding-mode control and Lyapunov function synthesis . First, t he sliding-mode control with a sliding surface is designed by using theory of variable structure control. Depending on the reaching conditions the sliding-mode control is designed for cases when the time-delay is available and unavailable, respectively. Sufficient condition for globally bounded system state is derived by using input-to-state stability theory and the LMI method. Designed c ontrol guarantees the tracking of the desired reference trajectory by plant outputs.
